+ regulatory T (T reg ) cells have an essential function in maintaining self-tolerance; however, they may also play a detrimental role in antitumor immune responses. The presence of elevated frequencies of T reg cells in tumors correlates with disease progression and poor survival in patients with cancer. The antigen specificity of T reg cells that have expanded in the tumor microenvironment is poorly understood; answering this question may provide important insights for immunotherapeutic approaches. To address this, we used a novel combinatorial approach to characterizing the T cell receptor (TCR) profiles of intratumoral T reg cells from patients with metastatic melanoma, gastrointestinal, and ovarian cancers and elucidated their antigen specificities. The TCR repertoires of tumor-resident T reg cells were diverse yet displayed significant overlap with circulating T reg cells but not with conventional T cells in tumor or blood. TCRs isolated from T reg cells displayed specific reactivity against autologous tumors and mutated neoantigens, suggesting that intratumoral T reg cells act in a tumor antigen-selective manner leading to their activation and clonal expansion in the tumor microenvironment. Tumor antigen-specific T reg -derived TCRs resided in the tumor and in the circulation, suggesting that both T reg cell compartments may serve as a source for tumor-specific TCRs. These findings provide insights into the TCR specificity of tumor-infiltrating human T reg cells that may have potential implications for cancer immunotherapy.
INTRODUCTION

Human CD4
+ regulatory T (T reg ) cells comprise a small subset of circulating CD4 + T cells with potent suppressive function in vitro and in vivo (1) . They play a vital role in regulating immune responses and maintaining self-tolerance; however, they also impede antitumor immunity [reviewed in (2, 3) ]. Human T reg cells express high levels of the interleukin-2 receptor  chain (CD25) and the forkhead winged-helix transcription factor (FOXP3), which is pivotal for their development and function [reviewed in (4) ]. Elevated frequencies of T reg cells have been reported in many types of tumors, including melanoma (5), breast (6) , lung (7) , and ovarian carcinoma (8) , and their high frequencies correlate with poor prognosis [reviewed in (9) ]. In contrast to circulating T reg cells, tumor-resident T reg cells display an activated profile (5) (6) (7) . Given that T cell receptor (TCR) stimulation is required for the activation and acquisition of suppressive function in T reg cells (10) (11) (12) , the activated profile of intratumoral T reg cells suggests that antigen stimulation may play an important role in the activation and accumulation of T reg cells in the tumor microenvironment.
The antigen specificity of tumor-infiltrating T reg cells has thus far remained largely unexplored. Lack of an exclusive cell surface marker to unequivocally distinguish activated T reg cells from conventional T (T conv ) cells in tumors forms a major obstacle to isolate viable T reg cells, as staining for intracellular FOXP3 renders the cells nonviable. Using an antigen-specific tetramer against the cancer germline antigen MAGE-A3, Francois et al. (13) isolated and clonally expanded circulating human T cells with phenotypic and functional attributes of T reg cells. Additional studies also identified suppressive CD4 T cells from the peripheral blood (PBL) of patients with cancer with reactivity against nonmutated tumor antigens after stimulation with overlapping peptide libraries (14, 15) . Cloning of tumor-infiltrating lymphocytes from melanoma tumors identified CD4 + T cell clones specific for the cancer germline antigen LAGE1 protein (16) that were attributed to be T reg based on their phenotypic and functional characteristics of the clones. All these studies used T cell cloning and expansion techniques that could potentially alter the initial phenotypic and functional status of T cells. Furthermore, the frequency and dominance of these T regattributed clones in the tumor and circulation were not reported. Comparison of TCR repertoire of T reg and T conv cells in humans has been limited to PBL (17, 18) , and little is known about the TCR repertoire of intratumoral T reg cells in patients with cancer.
We hypothesized that the elevated frequency of intratumoral T reg cells in human cancers may be due to oligoclonal expansion upon tumor antigen encounter. To explore this hypothesis, we studied the TCR repertoire of tumor-resident T reg cells in human metastatic melanoma, gastrointestinal, and ovarian cancers and elucidated their antigen specificity. We found that the TCR repertoire of intratumoral T reg cells was distinct from T conv cells in the tumor and PBL of patients; however, it overlapped significantly with circulating T reg cells. Furthermore, the most dominant TCRs derived from intratumoral T reg cells were shown to be tumor reactive and recognized mutated cancer neoantigens. The identified tumor antigen-specific T reg cells were also found in the circulation, suggesting that PBL may be used as an additional source of tumor-specific TCRs. These findings provide insights into the TCR specificity of tumorinfiltrating human T reg cells.
RESULTS
The TCRB repertoires of FOXP3
+ T reg cells were distinct from FOXP3 − T conv cells in tumors To study the TCR clonotypic repertoire of intratumoral T reg cells of patients with cancer, we performed TCR  (TCRB) chain deep sequencing of T reg cells isolated by flow cytometric sorting based on the expression of FOXP3. Because the enzymatic digestion of tumor samples diminished direct staining for CD4 coreceptor, samples were stained for CD8 and CD3 cell surface markers, followed by intracellular staining for FOXP3 as previously performed (5) , and FOXP3 + and FOXP3 − CD4 T cell subsets were sorted from CD8 − CD3 + T cell populations (Fig. 1A) . Previous studies have shown that FOXP3 expression was confined to CD4 T reg cells in vivo, and in vitro activation of T conv cells can lead to up-regulation of FOXP3 in non-T reg cells in both CD4 and CD8 T cells (19) (20) (21) ; thus, our strategy for the isolation of bona fide intratumoral T reg cells included staining and sorting cells immediately after thawing to not alter the expression of FOXP3. Lack of FOXP3 expression in the intratumoral CD3 + CD8 + T cells ex vivo served as a negative control and assurance that the expression of FOXP3 by a subset of intratumoral CD4 T cells was likely confined to CD4 T reg cells as previously reported (5) . Functional and epigenetic analyses could not be performed on the sorted intratumoral FOXP3 + cells due to lack of cell viability upon intracellular staining for FOXP3. Moreover, these analyses would be limited on a bulk population and would not be informative for individual cells expressing TCRs of interest. 30 ,000 cells (range, 5000 to 50,000), 55,000 cells (range, 10,000 to 100,000), and 500,000 cells (range, 300,000 to 1,500,000), respectively. We collected all the possible events for the FOXP3 + subsets for each sample because this population was limiting both in the tumor and PBL. The TCR repertoire of each sorted population was analyzed using productive reads (in-frame and no stop codons). The total number of productive reads was not statistically different among the sorted populations ( fig. S1 ), verifying that each population received a comparable sequencing coverage. Although both FOXP3 subsets in the tumor had lower numbers of unique TCRB sequences than their counterparts in PBL, their differences were not statistically significant ( fig. S2 ). This difference is likely associated with the lower number of cells sorted from the tumor as compared with PBL.
The TCRB repertoire of intratumoral T reg cells (FOXP3 + TUM) appeared diverse and exhibited a distinct and unique TCRB clonotypic repertoire compared with T conv cells (FOXP3 − TUM) for all the six patients studied (Fig. 1B) . Only a small fraction of the TCRB clonotypes was shared between the FOXP3 + and FOXP3 − subsets, accounting for 0.5 to 13.2% (mean of 7.9%, n = 6 patients) of the FOXP3 + population, consistent with a previous report on the comparison of circulating T reg and T conv subsets in the PBL of healthy adults (18) . These findings reveal that the TCRB repertoires of intratumoral FOXP3 + T reg cells were primarily distinct from intratumoral T conv cells with low clonal overlaps, consistent with the findings in the PBL (17, 18) , suggesting that the accumulation of intratumoral T reg cells might be mediated by antigen-specific clonal expansion in the tumor microenvironment. Fig. 2A ). There were no overlapping clonotypes detected between FOXP3 + TUM and FOXP3 − PBL in two patients (4067 and 4060; Fig. 2A ). In contrast, FOXP3 − TUM displayed a significant (P < 0.05) overlap with FOXP3 − PBL and a minimal overlap with FOXP3 + subsets in the tumor and PBL (Fig 2B) . These findings indicate that the most dominant TCRB repertoire of tumorresident FOXP3 + T reg cells resembles the circulating T reg cells rather than the T conv cells.
The
Clonal expansion of tumor-infiltrating FOXP3
+ T reg cells In contrast to circulating T reg cells, intratumoral T reg cells were previously shown to exhibit phenotypic and functional characteristics of activated T reg cells particularly with higher expression level of CTLA-4, OX40, TIGIT, 4-1BB, and CD45RO (5) (6) (7) 22) . Consistent with these previous studies, the frequency of FOXP3 + T reg was higher in tumors (TUM) than in circulation (PBL) by several folds (Fig. 3A) .
Directly ex vivo, a fraction (19.4%) of intratumoral FOXP3
+ T reg cells expressed Ki67, a marker for recently dividing cells, indicating that intratumoral T reg such as T conv (FOXP3 − , lower quadrants) cells were actively dividing within the tumor microenvironment (Fig. 3A , top panel). Intratumoral T reg cells were reported to be more proliferative than T conv cells in breast tumors (6) . We also compared the clonality for each sorted population in the tumor and blood ( fig. S3 and table S2) as previously reported (23 PBL were 0.088 (range, 0.049 to 0.161), 0.080 (range, 0.063 to 0.104), 0.059 (range, 0.054 to 0.092), and 0.068 (range, 0.035 to 0.184), respectively. No significant difference was found in the clonality of the entire sorted population among FOXP3 subsets isolated from tumor or PBL. In contrast, the top 10 TCRB clonotypes in the intratumoral T reg (FOXP3 + TUM) subset constituted a significantly (P < 0.005) higher fraction than the circulating T reg (FOXP3 + PBL) subset in all studied patients, regardless of their tumor histology (Fig. 3B) . In contrast to FOXP3 + TUM, no significant difference was detected in the frequency of the top 10 TCRB clonotypes between FOXP3 − subsets in the tumor and PBL (Fig. 3B) . Overall, these findings suggest that the oligoclonality observed within the intratumoral FOXP3 + population may be the result of clonal expansion in response to tumor antigen stimulation.
Tumor reactivity of the most dominant FOXP3 + T reg -derived TCRs in the tumor
To determine the antigen specificity of the most frequent FOXP3 + T reg cells in tumors of patients, we identified the paired TCRB and TCR  (TCRA) chain sequences from the top-ranking TCRB clonotypes in tumors using pairSEQ, a statistical model for pairing TCRA and TCRB sequences (24) . These paired TCRA and TCRB sequences were used to reconstruct TCRs, which were subsequently cloned into retroviral vectors (23, 25) . Next, retroviral supernatants generated from T reg -derived TCRs were used to transduce autologous PBL (patients 3107 and 4066) or human leukocyte antigen (HLA) class II-matched donor PBL (patient 3919) when PBLs were not available. Subsequently, T reg -derived TCR-transduced T cells were examined for T cell reactivity against autologous and allogeneic tumor cell (TC) lines using interferon- (IFN-) production assays and up-regulation of the T cell activation marker CD137 (4-1BB) by flow cytometry.
Eleven TCRs were constructed from the most dominant intratumoral T reg cells from a metastatic melanoma tumor (patient 3107), ranging from ranks 1 to 39. Six of these TCRs (TCRs 1, 9, 10, 13, 23, and 34) exhibited specific tumor recognition of the autologous TC as measured by IFN- production ( Fig. 4A ) and up-regulation of 4-1BB on TCR-transduced cells (Fig. 4B) . The production of IFN- was more profound against TC transduced with class II major histocompatibility complex transactivator (CIITA), presumably due to the higher expression levels of HLA class II molecules on TC ( fig. S4) . No or minimal recognition was detected of CIITA-transduced allogeneic melanoma (MEL) and renal cell carcinoma (RCC) TC (Fig. 4, A and B) . Overall, 6 of 11 intratumoral T reg -derived TCRs from patient 3107 exhibited specific tumor recognition, and 3 of these TCRs (TCRs 1, 9, and 10) ranked among the top 10 clonotypes in the intratumoral T reg cell population.
We also constructed nine TCRs from FOXP3 − T conv cells isolated from the same metastatic melanoma tumor (patient 3107), ranging from ranks 1 to 20. Seven of these TCRs exhibited specific tumor recognition against the autologous TC, as demonstrated by the production of IFN- ( fig. S5A ) and up-regulation of 4-1BB ( fig. S5B ). The recognition of autologous TC was enhanced by CIITA transduction. In addition to the reactivity against autologous MEL-3107, FOXP3 − TCR 20 recognized allogeneic RCC-1764 and not MEL-2630. Because the HLA class II expression is partially matched among these TCs (table S3) , it is not clear whether this recognition pattern by TCR 20 reflects either on the reactivity against a shared antigen expressed by RCC-1764 and MEL-3107 and not MEL-2630 or on The total samples were n = 6 and n = 5 for tumor and for PBL, respectively. ***P < 0.0005 using Wilcoxon signed-rank test.
the lack of expression of the HLA restriction element of TCR 20 by MEL-2630. Overall, seven of nine intratumoral T conv -derived TCRs exhibited tumor reactivity, and three of seven ranked among the top 10 clonotypes in the intratumoral T conv cell population.
TCRs from intratumoral FOXP3 + T reg cells from two additional patients with metastatic melanoma (patients 4066 and 3919) were also evaluated using a similar approach. For patient 4066, all the top 10 FOXP3 + TCRs were constructed and screened; however, TCRtransduced T cells showed no discernible specific reactivity against the autologous TC or the mutated neoantigens tested. For patient 3919, six FOXP3 + TCRs were constructed, ranging from ranks 3 to 34 (TCRs 3, 7, 14, 23, 25, and 34), and screened against autologous TC. One of these six FOXP3 + TCRs (TCR 14) exhibited tumor reactivity specific to autologous TC (Fig. 4C) . Three FOXP3 − TCRs (TCRs 1, 17, and 25) were also reconstructed, cloned, and screened. None of these three TCRs recognized autologous TC ( fig. S5C ). In summary, TCRs from intratumoral T reg cells in the two evaluable patients displayed specific tumor reactivity.
Neoantigen reactivity of the most dominant FOXP3 + TCRs in the tumor We also asked whether FOXP3 + T reg TCRs were specific for patientspecific mutated neoantigens. For patient 3107, tumor-reactive TCRs were screened for reactivity against 163 identified somatic mutations identified from the patient's tumor using whole-exome and RNA sequencing (RNA-seq). Autologous dendritic cells (DCs) were pulsed with pools of mutant peptides, with each peptide representing one mutated neoantigen. One of 11 FOXP3 + TCRs screened exhibited reactivity to peptide pool (pp) 9 (pp9) and not to any of the other 13 peptide pools, as assessed by the up-regulation of OX40 and 4-1BB ( fig. S6 ). Subsequent screening of individual mutant peptides within pp9 revealed reactivity to mutated annexin A1 (ANXA1; Fig. 5A ).
For patient 3919, FOXP3 + TCR 34 exhibited recognition of DC pulsed with pp13 (Fig. 5B) . The sequences of mutant and wildtype peptides are shown in table S4. Subsequent screening of individual mutant peptides within pp13 identified reactivity to mutated CCL-5 (CC chemokine ligand 5, also known as RANTES; Fig. 5B ). The other remaining five FOXP3 + TCRs and three FOXP3 − TCRs did not display reactivity against any of the screened peptide pools. The reactivity of FOXP3 + TCR 34 was specific to mutated CCL5, as assessed by IFN- production (Fig. 5C ) and the up-regulation of 4-1BB (Fig. 5D) . Recognition of as low as 1 nM of mutated CCL5 peptide was observed, indicating high functional avidity (Fig. 5C) . No or minimal recognition of wild-type CCL5 peptide was detected (Fig. 5, C and D) . FOXP3 + TCR 34 did not display recognition of the autologous TC (Fig. 4C) . At the genomic level, mutated CCL5 was detected both in the tumor and in the TC (patient 3919) based on whole-exome sequencing, and TC exhibited loss of heterozygosity at this site. However, RNA-seq revealed that TC lacked expression of CCL5 (table S5) , providing a plausible explanation for the lack of TC recognition by FOXP3 + TCR 34 despite its specific reactivity against the mutated CCL5 peptide. Similarly, FOXP3 + TCR 7 recognized mutated ANXA1 peptide pulsed on DC but not the autologous TC. The low expression of mutated ANXA1 by TC (table S5) may explain its lack of recognition by this TCR. Overall, two intratumoral T reg -derived TCRs isolated from two patients displayed reactivity against mutated cancer neoantigens.
Tumor-reactive FOXP3
+ TCRs were also found in the circulating T reg population To investigate whether tumor-reactive T reg -derived TCRs identified in patients' tumors can also be detected in the circulation, we identified TCRB clonotypes for the circulating FOXP3 + and FOXP3 − T cell subsets using TCRB deep sequencing from PBL sample collected before the tumor resection. Six of seven tumor-reactive FOXP3 + TCRs (patient 3107), including mutated neoantigen-reactive TCR 7, were also detected in the circulating FOXP3 + T reg population (FOXP3 + PBL) and not in the FOXP3 − T conv cells (FOXP3 − PBL) (Fig. 6A) . Although TCR 7 was not detected in FOXP3 − PBL, it was detected at a very low frequency (0.01%) in FOXP3 − TUM. However, this frequency was 100-fold lower than that in FOXP3 + TUM (1.2%) and 5-fold lower than that in FOXP3 + PBL (0.05%). Given that the total productive TCRB reads were 10-fold higher for FOXP3 − PBL than that for FOXP3 − TUM ( (Fig. 6B ). Although four of seven tumor-reactive FOXP3 − TCRs were not detected in the FOXP3 + TUM, three of them were found in this subset albeit at low frequency (<0.1%). PBL sample was unavailable to track T reg -derived TCRs in patient 3919. Overall, the finding that intratumoral T reg -derived TCRs with tumor/neoantigen reactivity can be found among the circulating T reg cells suggests that the PBL T reg cells may also be used as a source to identify tumor-reactive and mutated neoantigen-reactive TCRs.
DISCUSSION
Accumulation of FOXP3
+ CD4 + T reg cells in human tumors and their expression of markers associated with activation and proliferation (5-7) are potentially driven by antigens presented in the tumor microenvironment (9) . In this study, we found that the TCR repertoire of intratumoral T reg cells was distinct from that of intratumoral T conv cells. Furthermore, the most dominant TCRs derived from intratumoral T reg cells could be tumor-reactive and recognize mutated tumor neoantigens, suggesting that tumor antigens may drive the clonal expansion of intratumoral T reg cells. Last, the TCR repertoire of the dominant intratumoral T reg cells displayed similarity with circulating T reg cells. Collectively, these results reveal tumor-and neoantigen-specific reactivity of T reg -derived TCRs that may provide an opportunity for generating tumor-specific TCR-modified T cells for adoptive T cell therapies for patients with cancer.
The intercompartmental comparison of TCR repertoire of FOXP3 subsets in tumors and PBL in the same patients allowed for a comprehensive analysis that revealed a substantial polyclonal diversity between intratumoral T reg and T conv cells yet a significant intercompartmental overlap between FOXP3 + T reg population in the tumor and in the circulation. Collectively, these results suggest that accumulation of T reg cells in tumors is likely driven by selective migration of circulating T reg cells into tumors and their subsequent proliferation at that site. Although the differentiation of T conv into T reg cells at extrathymic sites has been well documented in murine models [reviewed in (26, 27) ], the low overlap of TCR repertoire between T reg and T conv cells isolated from either tumors [the current study and (6)] or PBL (17, 18) provides little support for this conversion in humans. Our findings further suggest that, unlike some murine models that T conv -derived T reg may also contribute to intratumoral T reg pool [(28); reviewed in (27, 29) ], it is not a prominent mechanism for the accumulation of T reg cells in human tumors, although it cannot be exclusively ruled out. The main mechanism for the accrual of intratumoral T reg cells in humans may remain elusive; however, the tumor-specific reactivity of intratumoral T reg -derived TCRs revealed in this study suggests that their TCRs may be exploited for potential antitumor therapeutic approaches. Using the current strategy, it was not feasible to isolate viable intratumoral T reg cells for functional suppression assays due to intracellular staining for FOXP3. In general, combination of CD25 + CD127 − phenotype, also shared with recently activated intratumoral effector T cells that lack FOXP3 expression in vivo (5) , is used to isolate viable T reg cells from PBL. However, this approach results in the enrichment of a polyclonal population of T reg cells, and identification of tumor-reactive T reg cells in this bulk population might be challenging due to lack of appropriate biological readout for antigenreactive T reg cells. Although current technical limitations would not permit us to evaluate the functional and epigenetic properties of individual FOXP3 + T cells whose TCRs were functionally characterized in this study, the TCRB repertoire analyses of the bulk FOXP3 + CD4 T cells in tumor and PBL indicate that they were distinct and nonoverlapping with FOXP3 − T conv cells, suggesting that there was a minimal conversation of T conv cells into FOXP3 + T cells, consistent with a recent study by Rudensky and colleagues (6) in breast tumors. Moreover, the TCRB repertoire comparison among the FOXP3 subsets further allowed us to indirectly assess the integrity of FOXP3 + TCRs that we functionally characterized. Six of seven tumor-and neoantigen-reactive FOXP3 + TCRs in the tumor were found in FOXP3 + PBL and not in the FOXP3 − subsets whether in the tumor or PBL, suggesting that they were likely derived from bona fide T reg cells.
In conclusion, we report that human intratumoral T reg cells have a distinct TCR repertoire with minimal overlap with circulating and tumor-resident T conv cells and are tumor and neoantigen reactive. Accumulation of T reg cells in the tumors can be exploited for the identification and isolation of novel and potent tumor-and neoantigenreactive TCRs for immunotherapy of patients with cancer. In the current study, TCRs were solely selected on the basis of their frequency in the tumor. Future studies may select TCRs based on the coexpression of FOXP3 and activation markers to further enrich for a subset of activated intratumoral T reg cells. Furthermore, this combinatorial approach has the potential to be exploited for antigen screening of TCRs isolated from other regulatory and nonregulatory T cells with obscure functional readouts. By cloning a TCR into autologous PBL, the intrinsic functional property of original cells can be bypassed to evaluate TCR's antigen specificity using known effector parameters.
MATERIALS AND METHODS
Patients, PBMCs, and tumor samples Tumor specimens and PBL samples were collected from patients with metastatic melanoma (n = 3), gastrointestinal (n = 2), and ovarian (n = 1) tumors. Table S1 summarizes the clinical characteristics of patients including their metastatic sites and their prior treatments that might have included two or more of the following treatments: surgery, chemotherapy, immunotherapy, or none of the above. The peripheral blood mononuclear cell (PBMC) samples were prepared over Ficoll-Hypaque (LSM, MP Biomedicals Inc.) gradient and were cryopreserved until analyzed. Tumor specimens were processed by sterile mechanical dissection, followed by enzymatic digestion as previously described (30) . The tumor single-cell suspensions were cryopreserved until further analyzed. Patients were not undergoing any therapy at the time when samples were collected. All protocols were approved by the Institutional Review Board of the National Cancer Institute, and informed consents were obtained from the patients.
Flow cytometry, antibodies, and reagents
The following monoclonal antibodies specific for human antigens were used: allophycocyanin (APC)-H7-conjugated anti-CD3 (SK7), fluorescein isothiocyanate (FITC)-conjugated anti-CD8 (SK1), phycoerythrin (PE)-conjugated anti-CD25 (2A3), and APC-conjugated anti-FOXP3 (PCH101) for isolation and sorting of FOXP3 subsets and FITC-conjugated anti-OX40 (ACT35), APC-conjugated anti-4-1BB (4B4-1), PE-Cy7-conjugated anti-murine TCR (H57-597), and PE-conjugated anti-CD4 (SK3). Fluorescence-activated cell sorting (FACS) buffer consisted of phosphate-buffered saline (PBS) supplemented with 3% fetal bovine serum (FBS) with or without 2 mM EDTA (for staining T cells after an overnight coculture). T cells were sorted by flow cytometry using FACSAria (BD Biosciences) and analyzed using FlowJo software v10.
Isolation of FOXP3
+ CD4 subsets Single-cell suspensions from tumor digests or PBMCs were initially stained with anti-CD3 and anti-CD8 for 30 min at 4°C, washed, and subsequently fixed with a 1:20 diluted Fixation/Permeabilization buffer (eBioscience) for 45 min, followed by one wash with FACS buffer and one wash with Permeabilization buffer (eBioscience) according to the manufacturer's instructions. The Fixation/Permeabilization buffer was titrated to 1:20 rather than 1:4, the dilution recommended by the manufacturer, to minimize DNA damage by paraformaldehyde without hampering FOXP3 staining. The sorted cells were collected into PBS constituted with 5% FBS and 2.5% Hepes, pelleted by centrifuging at 4000 revolutions per minute (rpm) for 20 to 30 min, quick freeze on liquid nitrogen for 1 to 2 min, and stored at −80°C before sending to Adaptive Biotechnologies (Seattle, WA) for TCRB immunosequencing survey.
TCRB immunosequencing survey and matching TCRA-TCRB pairs TCRB sequencing survey (ImmunoSEQ) was performed by Adaptive Biotechnologies on genomic DNA isolated from sorted FOXP3 + and FOXP3 − CD4 T cells from PBL and single-cell suspension of tumor digests. Only productive TCRB rearrangements were used in the calculations of TCRB clonotype frequencies. The number of total productive TCRB reads per sample varied according to the number of cells that was sorted. Unfractionated (10 × 10 5 cells) and/or an enriched CD4 T cell fraction (0.3 to 1 × 10 5 cells) from the single-cell tumor digest samples were pelleted in a table top centrifuge at 6000 rpm for 20 to 30 min, resuspended in 200 l of RNAlater (Invitrogen), snap frozen, and sent to Adaptive Biotechnologies to identify the matching TCRA-TCRB chains by pairSEQ technology, as previously described (24) .
TCR reconstruction, cloning of TCRs into a retroviral vector, retrovirus production, and retroviral transduction of T cells Reconstruction of full-length TCRs was performed as previously described (23) . For generation of TCRs, full-length TCRA V-J regions were fused to the mouse TCRA constant chain and the TCRB V-D-J regions to the mouse TCRB constant chain (31) . The murine constant region was modified to allow preferential pairing of the TCR chains of interest and to enhance its surface expression and functionality (32, 33) . Furthermore, the TCRA and TCRB chains were separated by a RAKR-SGSG P2A linker to ensure a comparable expression efficiency of the two chains (34) . Last, the full-length TCRA and TCRB chains, separated by the above described linker, were synthesized and cloned in the TCRB-TCRA orientation into the pMSGV1 retroviral vector (GenScript).
Autologous PBMCs (or HLA class II-matched PBL for patient 3919) were transduced with a retroviral vector encoding the TCR, as previously described (23, 25) . Retroviral supernatant was used to transduce autologous pretreatment PBMCs that were stimulated with soluble anti-CD3 (50 ng/ml; OKT3, Miltenyi Biotec) and rhIL2 (300 IU/ml; Chiron) for 2 days before retroviral transduction. Transduced T cells were used at 10 to 15 days after transduction or cryopreserved until used in coculture assays. Transduction efficiency was determined by flow cytometric analysis using the anti-murine TCRB (clone H57-597) antibody.
Target cell preparation
Melanoma TC lines (TC lines 3107, 3919, and 4066) were established from tumor fragments or from mechanically or enzymatically separated TCs and cultured in RPMI 1640 plus 10% FBS (Sigma-Aldrich) supplemented with penicillin (100 U/ml) and streptomycin (100 g/ml) at 37°C in 5% CO 2 . TCs were also retrovirally transduced with CIITA plasmid (carrying puromycin-resistant gene) using vesicular stomatitis virus envelope glycoprotein (VSVG) and 293GP packaging cell line. Stably transduced TCs were selected after puromycin (5 g/ml) selection for 24 to 48 hours. Autologous (patients 3107 and 4066) and HLA class II-matched (patient 3919) DCs were prepared as previously described (35, 36) . Nonsynonymous mutations identified by whole-exome sequencing and RNA-seq were each synthesized as long peptides (25 mers) by GenScript. Antigen-presenting cells were pulsed with long peptides overnight at concentrations of 10 g/ml or lower (as indicated) and washed once before the overnight coculture with TCR-transduced T cells.
Target cell recognition and functional assay
Briefly, TCR-transduced or untransduced (mock) T cells (50,000 cells per well) were cocultured with TC (50,000 cells per well) or peptidepulsed DC (50,000 to 75,000 cells per well) in 96-well round-bottom plates overnight. The supernatant was collected the next day to quantify the amount of IFN- by enzyme-linked immunosorbent assay (ELISA). Cocultured cells were stained with anti-CD3, anti-CD4, anti-CD137, and anti-murine TCRB antibodies after the overnight coculture (16 to 20 hours) and acquired by BD FACSCanto II (BD Biosciences). The coexpression of murine TCRB constant chain (identified as mTCR) and CD137 was used to assess the frequency of TCR-transduced antigenreactive T cells (to be considered reactive, the CD137 up-regulation had to be greater than 1%, three times the background). FACS results were analyzed using FlowJo software.
Whole-exome sequencing and RNA-seq of tumors Whole-exome sequencing was performed by Personal Genome Diagnostics (Baltimore, MD) or at Surgery Branch facility, as previously described (37, 38) . Sequencing was done on a fresh tumor fragment embedded in optimum cutting temperature (O.C.T.) compound and/or TC lines and matched normal PBL sample. The data were aligned to genome build hg 18. An mRNA sequencing library was prepared from fresh tumors using an Illumina TruSeq RNA library prep kit, as previously described (39) .
Statistical analysis
Differences in the frequencies of TCRB clonotypes from different CD4 T cell subsets were analyzed using Wilcoxon signed-rank test. Significance values are indicated as *P < 0.05 and ***P < 0.001.
SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/4/31/eaao4310/DC1 Fig. S1 . Number of total productive TCRB reads for FOXP3 + and FOXP3 − subsets sorted from tumor or PBL. Fig. S2 . Number of total unique TCRB reads for FOXP3 + and FOXP3 − subsets sorted from tumor or PBL. Fig. S3 . Clonality of FOXP3 + and FOXP3 − subsets sorted from tumor or PBL. Table S1 . Clinical characteristics of patients. Table S2 . Summary of sorted FOXP3 populations in tumor and PBL. Table S3 . Summary of HLA typing of TC lines. Table S4 . The amino acid sequences of CCL5 and ANXA1 mutated and wild-type peptides. Table S5 . Genomic analysis of CCL5 and ANAX1 neoantigens. Table S6 . Raw data from figures.
